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Take-Home Message 
Foodborne salmonellosis is one of the major causes of gastrointestinal illness in the United 
States. Recent reports indicate that ~ 1 million cases of non-typhoidal salmonellosis occur in the 
US, resulting in an estimated $4.4 billion loss annually due to hospitalizations and deaths. 
Poultry and poultry products are epidemiologically-linked sources for Salmonella transmission to 
humans. Salmonella colonizes in the cecum of chickens, resulting in excretion of the pathogen 
to the environment, leading to carcass contamination during slaughter and contamination of egg 
shells during oviposition. Controlling Salmonella colonization in poultry would reduce 
contamination of poultry products and potentially decrease foodborne infections in humans. 
Several on-farm approaches have been investigated to control Salmonella with varied success 
rates. Strategies that are safe to poultry, humans and the environment, and adoptable by poultry 
producers are required. Our research focuses on the use of natural and environmentally-friendly 
molecules supplemented through feed to control Salmonella colonization in poultry. An overview 
of our research on such alternative strategies, especially with phytophenolics and fatty acids, 
are discussed in this paper. Our applied and molecular research has revealed high potential for 
these natural molecules against the major serotype of Salmonella, namely S. Enteritidis. Unique 
properties of these natural antimicrobial agents may qualify them for inclusion in commercial 
poultry diets. 
Issue of Salmonella infections 
Despite several control methods, foodborne Salmonella remain one of the most common 
causes of human enteric diseases in the United States (US) and worldwide. The role of animal-
derived foods, especially poultry in human salmonellosis has been a matter of serious 
discussion and research in the recent decades. According to the United States Department of 
Agriculture (USDA), food-associated Salmonella infections cost an estimated $3 billion annually 
(USDA, 2009). Recent reports indicate ~1 million cases of non-typhoidal salmonellosis 
occurring in the country resulting in an estimated $4.4 billion loss annually due to 
hospitalizations and deaths (Scallan et al., 2011; Scharff, 2012). Responding to this situation, 
the US Department of Health and Human Services has set a goal of reducing Salmonella 
incidence by 25% by 2020 (Jackson et al., 2013). Several serotypes of Salmonella, including S. 
Enteritidis, S. Typhimurium, S. Heidelberg, S. Hadar and S. Newport cause enteric disease in 
humans. However, among the 45,828 laboratory confirmed foodborne Salmonella serotyped in 
2011, S. Enteritidis was the most common serotype followed by S. Typhimurium and S. Newport 
(CDC, 2011 ). The report also noted that among the top serotypes reported to the National 
Veterinary Services Laboratories for typing, S. Enteritidis was isolated from 67.4% and 92.1 % of 
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chicken samples obtained from clinical and non-clinical sources, respectively (CDC, 2011 ), 
underscoring the potential role of poultry in Salmonella infections. 
Salmonella impacts global trade of US poultry 
The US is one of the leading producers of excellent quality poultry and is regarded as a global 
leader in poultry exports. Recent estimates indicate an increase in the value of chicken sales 
and broiler production by 11 and 24%, respectively, compared to the values in 2012 (US Poultry 
and Egg Association, 2014 ). However, notable trade issues on the delivery of microbiologically 
safe poultry products to the consumers have increasingly limited export and sales. This is 
critically important since food safety issues not only impact consumers domestically, but affect 
rest of the world poultry markets as well. Many countries and a few US states that import 
American poultry have developed stricter rules for trade recently. For example, in 2013, Mexico 
banned import of poultry meat products from three farms in California implicated in Salmonella 
outbreak (Food Safety News, 2013). In light of the recent outbreak of salmonellosis, Russia is 
reportedly considering import restrictions on American poultry (Vorotnikov, 2014). 
Live poultry and poultry meat as sources for foodborne Salmonella outbreaks 
Salmonella spp. can colonize the intestinal tract of poultry. The pathogen colonizes 
predominantly the cecum, further contaminating the environment, chicken carcass, and eggs at 
or after lay. There is mounting evidence that contaminated poultry products, especially meat 
and eggs are epidemiological sources for Salmonella, especially S. Enteritidis (Humphrey and 
Jorgensen, 2006; Marcus et al., 2007). The USDA-FSIS data on S. Enteritidis in broiler chicken 
carcass rinses collected from 2000 to 2005 indicated substantial increase in the annual number 
of isolates and the proportion of establishments with S. Enteritidis-positive rinses (Altekruse et 
al., 2006). Later, White et al. (2007) reported isolation of Salmonella from 26.4% of ground 
turkey, 22.5% of ground chicken, and 11.2% of broiler samples tested in the study 
(N=12,699/293,938 samples positive for Salmonella), with the largest number of S. Enteritidis 
isolates recovered from broiler carcasses. In addition to S. Enteritidis outbreaks, other serotypes 
of Salmonella have also been increasingly reported causing foodborne outbreaks. For example, 
in 2011, a multistate outbreak of S. Heidelberg involving consumption of contaminated kosher 
broiler chicken livers was reported to cause 190 human illnesses. In addition, S. Altona and S. 
Johannesburg were identified as causative agents in two independent outbreaks sourced to 
chicks and ducklings causing illness in around 100 persons. Another serotype, S. Hadar was 
isolated from turkey burgers (CDC, 2014). Recently, other serotypes of Salmonella, namely S. 
Montevideo, S. lnfantis, S. Newport and S. Lille have been isolated from live poultry (CDC, 
2014 ). These data indicate that several serotypes of Salmonella harboring in chickens could 
potentially result in foodborne infections in humans. 
Salmonella employs multiple strategies for colonization in chickens 
In order to establish a successful ecological niche in chickens, Salmonella has to bypass 
several hurdles in a rather hostile environment. It has to tolerate differences in the growth 
conditions outside and within the avian host. The pathogen has to adjust to differences in 
temperature, osmolarity, oxidation-reduction potentials, iron concentrations, acidity, organic and 
inorganic nutrient environments, antimicrobial substances, host immune response, peristalsis, 
mucus and several other microenvironments (Slauch et al., 1997). Most of Salmonella's 
capabilities for establishing colonization such as motility, adhesion to host cells and invasion of 
epithelial cells are critical for the pathogen persistence within the host. Most of the virulent 
Salmonellae, including S. Enteritidis employ mechanisms such as resistance to lytic action of 
complement (D'Aoust, 1991 ), up-expression of siderophores (that accumulate iron for growth), 
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virulence plasmids (Slauch et al., 1997), cytotoxins, diarrheagenic enterotoxins (D'Aoust, 1991 ), 
and by antimicrobial resistance (Travers and Barza, 2002). Moreover, Salmonella has to 
operate nutrient utilization strategies that are totally or significantly different from those 
employed by a much larger number of endogenous bacteria consisting of obligate anaerobes, or 
adopt strategies to find new ecological niches where they need not compete with the normal 
flora (Dhawi et al., 2011 ). It is highly likely that Salmonella tends to colonize close to the 
mucosa, where nutrients and oxygen are present at very high concentrations that will not allow 
obligate anaerobes to colonize (Poulsen et al., 1995). In addition, they have to utilize available 
electron receptors (Gennis and Stewart, 1996) and adopt different patterns of nutrient 
metabolism (Pullinger et al., 2008). 
Although multiple serotypes of Salmonella associated with poultry are involved in causing 
human infections, S. Enteritidis is the most genetically homogenous serotype (Porwollik et al., 
2005; Swaminathan et al., 2001 ). Although the genomic diversity is limited within the serotype, 
the field isolates vary in their virulence, survival and colonization capabilities (Clavijo et al., 
2006; Jain and Chen, 2007; Yim et al., 2010). Despite variations in the virulence characteristics, 
on-farm investigations have revealed that once chickens are exposed to the pathogen, the 
entire flock can become colonized rapidly with S. Enteritidis (Foley et al., 2008; Berrang et al., 
2009). This could be attributed to the ability of the pathogen to proliferate in the gastrointestinal 
tract of chicken (Poppe, 2000) and the multitude of sources in farms contributing to pathogen 
spread in birds. Recent reports reveal that S. Enteritidis is invasive in both young and adult 
chickens (Shah et al., 2011) with young chickens developing systemic disease resulting in death 
(Duchet-Suchaux et al., 1995; Velge et al., 2005). The affected chicks may show all or some 
signs such as anorexia, depression, ruffled feathers, huddling together in groups, reluctance to 
move, drowsiness, dehydration, white diarrhea, stained and pasted vents and stunted growth 
(Mclllroy et al., 1989). However, adult chickens, once colonized with the pathogen may remain 
as asymptomatic carriers, shedding the pathogen to the environment continuously or 
intermittently (Velge et al., 2005; Golden et al., 2008). Adult chickens infected with high doses of 
S. Enteritidis can subsequently develop clinical salmonellosis with high mortality, whereas 
infection with low doses will result in clinically healthy carrier birds (Gast and Benson, 1995; 
Desmidt et al., 1997; Van lmmerseel, 2004a, b). 
Pre-harvest Salmonella control strategy in chickens 
Cecal carriage of Salmonella results in horizontal transmission of the pathogen, contamination 
of eggshells with feces and carcass contamination during slaughter. In slaughterhouses, many 
opportunities exist for the transfer of pathogens from the outside surface of chickens to the meat 
during processing of the carcasses. In addition, it is not easy to decrease populations of 
pathogens on carcasses to less than that existing on the external surfaces of live birds when 
they arrived at the processing plants (Bailey et al., 1991 ). Also, mechanical evisceration can 
cause gastrointestinal spillage of the pathogen, further contaminating the edible carcasses 
(reviewed by Byrd, 2005). Therefore, substantial reductions in Salmonella counts on chicken 
carcasses can be achieved by delivering birds to the processing plants that are minimally 
contaminated, or ideally free of these pathogens (Bailey, 1993). Reducing the populations of 
Salmonella in the chicken intestinal tract could reduce contamination of poultry meat and eggs. 
A variety of approaches for reducing the colonization of Salmonella, especially S. Enteritidis in 
chickens has been explored, but with varying degrees of success. These include feeding birds 
with competitive exclusion bacteria, bacteriophages, organic acids, probiotics, prebiotics, 
synbiotics and antibiotics (Fernandez et al., 2000; Spring et al., 2000; Byrd et al., 2001; Stern et 
al., 2001; Fernandez et al., 2002; Chadfield and Hinton, 2003; Heres et al., 2004; Fiorentin et 
al., 2005; Higgins et al., 2007). Additionally, a number of vaccination approaches to control S. 
Enteritidis in chickens have been undertaken (Barrow, 1997; Dueger et al., 2001; Khan et al., 
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2003; Inoue et al., 2008), but there is no fully effective commercial vaccine available currently to 
prevent colonization of chickens with Salmonella. Use of antibiotics, another promising strategy, 
has been limited due to the issue of emergence of multi-drug resistant strains of Salmonella, 
creating a major public health problem (Shea, 2003; Bywater, 2005). S. Enteritidis strains that 
are resistant to a variety of antibiotics have been reported by several investigators (Chadfield 
and Hinton, 2003; Daly et al., 2005; Dias de Oliveira et al., 2005; Erdem et al., 2005; Kilmartin et 
al., 2005). Although some of these pre-harvest approaches have been adopted by the industry, 
recent outbreaks involving multiple Salmonella serotypes via poultry products, especially meat, 
have triggered research to identify other viable alternatives for Salmonella control. Recently 
there is an emerging interest in using natural and environmentally-friendly approaches to control 
Salmonella colonization in chickens. A few of the potential antimicrobial alternatives are 
highlighted in this document. Our research on the control of S. Enteritidis has been 
concentrated on three natural compounds, namely caprylic acid (medium chain fatty acid), 
trans-cinnamaldehyde and eugenol (phytophenolics ). 
Caprylic acid 
Caprylic acid (octanoic acid) is a generally regarded as safe (GRAS; CFR 184.1025) status, 
natural, eight-carbon medium chain fatty acid present in breast milk, bovine milk (Jensen, 2002) 
and coconut oil (Jensen et al., 1990, Sprong et al., 2001 ). In our in vitro investigations using 
sterile chicken cecal contents as a nutrient medium, we observed that caprylic acid rapidly 
reduced significant populations of S. Enteritidis (> 5.0 log CFU) within 24 hours of incubation. 
However, caprylic acid was minimally inhibitory towards endogenous cecal population of 
anaerobic bacteria (Vasudevan et al., 2005). Data from our challenge studies in broilers 
indicated that caprylic acid was effective against colonization of another poultry borne pathogen, 
Campy/obacter jejuni in broiler chickens when supplemented through feed. Solis de los Santos 
et al. (2008) reported that caprylic acid supplemented at 0. 7 and 1.4% to 15 day-old chicks 3 
days prior to necropsy resulted in reduction of cecal C. jejuni counts by 3 to 5 10910 CFU/g. 
Moreover, 0. 7% caprylic acid reduced (2 to 3 10910 CFU/g) C. jejuni colonization consistently in 
market-age ( 42-day) broiler chickens when supplemented during 3 or 7 days prior to slaughter 
(Solis de los Santos et al., 2009). 
Similar to our investigations with C. jejuni in broiler chickens, we determined the potential of 
caprylic acid against S. Enteritidis (Kollanoor Johny et al., 2009). Chicks challenged with S. 
Enteritidis were given supplemental CA at 0. 7 or 1 % through feed for 18 days from day 0. Both 
concentrations of caprylic acid consistently decreased S. Enteritidis populations recovered from 
the cecum of treated birds by 2.5 10910 CFU/g compared to the controls. Feed intake and body 
weight did not differ between the treated and control bird groups. Histological examination 
revealed no pathological changes in the cecum and liver of caprylic acid supplemented birds. 
The results suggested that prophylactic caprylic acid supplementation through feed could 
potentially reduce S. Enteritidis colonization in chickens (Kollanoor Johny et al., 2009). In the 
next two trials we determined the therapeutic potential of caprylic acid on cecal S. Enteritidis in 
broilers, when supplemented through feed for the last 5 days before slaughter. Caprylic acid at 
0.7 or 1 % significantly decreased S. Enteritidis populations in the cecum by~ 3 10910 CFU/g, 
compared to the control birds (Kollanoor Johny et al., 2012c). Further, our cell culture studies 
revealed that caprylic acid could reduce S. Enteritidis invasion of an avian intestinal epithelial 
cell line and down-regulated the expression of invasion genes, hi/A and hi/D (Kollanoor Johny et 
al., 2012c). These results suggest that supplementation of caprylic acid potentially reduces the 
pathogen's ability to invade intestinal epithelial cells by down-regulating key invasion genes, hi/A 
and hi/O. 
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Trans-ci nnamaldehyde 
Trans-cinnamaldehyde is the major GRAS-status component in the bark extract of cinnamon 
(21 CFR 182.60). It possesses antimicrobial activity towards a wide range of foodborne 
pathogens, including Gram-positive and Gram-negative bacteria (Bowles and Miller, 1993; 
Bowles et al., 1995; Friedman et al., 2002). The antibacterial activity of trans-cinnamaJdehyde 
against Clostridium botulinum (Bowles and Miller, 1993), Staphylococcus aureus (Bowles et al., 
1995) and Escherichia coli O157:H? has been previously reported. The US Flavoring Extract 
Manufacturers' Association reported that trans-cinnamaldehyde has a wide margin of safety 
between conservative estimates of intake and no observed adverse effect levels, from sub 
chronic and chronic studies (Adams et al., 2004). The report also indicated no genotoxic and 
mutagenic effects due to trans-cinnamaldehyde. 
We conducted an in vitro investigation determining the anti-Salmonella potential of a few food 
grade phytophenolics, including trans-cinnamaldehyde (Kollanoor Johny et al., 2010) in a 
previously described model system (Vasudevan et al., 2005). We observed that trans-
cinnamaldehyde was highly bactericidal, with the lowest concentration of the compound (0.13%) 
reducing S. Enteritidis populations by ~6.0 10910 CFU/ml after 8 hours and >8.0 10910 CFU/ml 
after 24 hours of incubation. Trans-cinnamaldehyde at 0.25% eliminated detectable S. 
Enteritidis counts by 8 hours of incubation (Kollanoor Johny et al., 2010). Follow up in-bird 
challenge studies were designed to assess the efficacy of supplemental trans-cinnamaldehyde 
in reducing S. Enteritidis colonization in broiler chickens. Data from our prophylactic 
supplementation experiments revealed that trans-cinnamaldehyde at 0.5 or 0. 75% 
supplemented for 20 days through feed resulted in 3 to 4 10910 CFU/g reduction of S. Enteritidis 
in the cecum, compared to the control birds (Kollanoor Johny et al., 2012a). Trans-
cinnamaldehyde did not affect the pH or endogenous cecal microflora counts. Feed intake and 
body weight were not significantly different for trans-cinnamaldehyde supplemented groups. In 
line with these results, our studies on therapeutic efficacy of trans-cinnamaldehyde also 
revealed that the compound at 0. 75% reduced S. Enteritidis counts in the cecum of market-age 
chickens when supplemented through feed for 5 days prior to slaughter (Kollanoor Johny et al., 
2012b ). Results from our mechanistic studies revealed that trans-cinnamaldehyde reduced the 
motility and invasive abilities of S. Enteritidis in cell culture, and down-regulated the expression 
of invasion genes, hi/A, hilD, and invF, and motility genes, flhC and motA (Kollanoor Johny et 
al., 2012b). 
Eugenol 
Eugenol is a natural GRAS-status (21 CFR 582.60) phytophenolic compound present in the 
clove essential oil (Eugenia caryophil/is) (Ali et al., 2005). The antibacterial activity of clove oil 
and eugenol has been documented by many researchers (Stecchini et al., 1993; Menon and 
Garg, 2001; Suhr and Nielsen, 2003; Ali et al., 2005). Based on the data from our in vitro 
investigation determining the potential of eugenol on S. Enteritidis in autoclaved chicken cecal 
contents (Kollanoor Johny et al., 2010), we carried out five independent experiments to 
determine prophylactic and therapeutic efficacies of eugenol in broiler chickens. In the 
prophylactic study, we observed that 0. 75 and 1 % eugenol supplemented in feed for 20 days 
reduced S. Enteritidis population in the cecum of broilers significantly (Kollanoor Johny et al., 
2012a). Similarly, 1 % eugenol supplementation for 5 days prior to slaughter in market age 
chickens also resulted in similar reduction of S. Enteritidis populations (Kollanoor Johny et al., 
2012b ). Although no toxic effects were observed during short-term therapeutic supplementation 
in adult birds, the 20-day prophylactic dietary supplementation resulted in reduced body weight. 
However, no significant difference in the cecal bacterial populations among different treatment 
groups across the experiments was observed (Kollanoor Johny et al., 2012a, b). Similar to our 
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observations with trans-cinnamaldehyde, our mechanistic studies revealed that eugenol 
reduced motility and invasion of S. Enteritidis in the avian intestinal cell culture, and down-
expressed invasion and motility genes (Kollanoor Johny et al., 2012a). 
Mechanistic basis for antimicrobial activity of natural compounds 
Several mechanisms could be attributed to the antibacterial action of medium chain fatty acids, 
including caprylic acid. Direct incorporation of caprylic acid, a hydrophobic compound, into the 
bacterial plasma membrane could compromise membrane permeability (Bergsson et al., 1999). 
It could diffuse into the bacterial protoplasm and dissociate leading to intracellular acidification 
affecting enzymes and amino acid transport adversely (Sun et al., 1998; Viegas and Sa-Correia, 
1991 ). Caprylic acid could result in alterations in the cecal microflora populations and change in 
the physical characteristics of the intestine (Solis de las Santos et al., 2008), although our 
investigations did not reveal such changes in chickens (Kollanoor Johny et al., 2009; Solis de 
las Santos et al., 2010). Van lmmerseel and coworkers (2004a, b) reported that medium chain 
fatty acids suppressed the expression of hi/A, a key gene regulator involved in the invasion of 
Salmonella, thereby resulting in bacterial reduction in vivo. Our mechanistic studies also 
revealed that caprylic acid reduced virulence properties in S. Enteritidis by potentially down-
regulating critical genes, including hi/A and hi/O that control these virulence characteristics. 
Similar to medium chain fatty acids, a critical property of phytophenolics is their hydrophobicity 
that leads to bacterial cell membrane damage and leakage of ions and other cell contents 
(Knobloch et al., 1986; Sikkema et al., 1994; Smith-Palmer et al., 2004; Cox et al., 2000; Carson 
et al., 2002; Ultee et al., 2002). Specifically, trans-cinnamaldehyde affects glucose uptake and 
ATP synthesis, two critical growth/survival mechanisms in bacteria (Gill and Holley, 2004). 
Another mechanism by which phytophenolics kill microorganisms is by inhibiting key enzymes 
such as amino acid decarboxylases (Wendakoon and Sakaguchi, 1995). Since phytophenolics 
contain a number of different chemical groups in their structure, their antimicrobial activity is 
attributed to more than one specific mechanism (Skandamis et al., 2001; Carson et al., 2002; 
Burt, 2004; Smith-Palmer et al., 2004). In addition to the aforementioned mechanisms of action, 
trans-cinnamaldehyde and eugenol target virulence in S. Enteritidis. It was observed that these 
molecules resulted in reduction of motility and invasion of S. Enteritidis in an avian intestinal cell 
culture model, and down-regulated critical virulence genes (Kollanoor Johny et al., 2012a, b). 
Moreover, our DNA microarray results indicated that several genes including those involved in 
the regulation of Salmonella Pathogenicity Island 1, type 3 secretion system, outer membrane 
proteins, metabolic pathways, and electron acceptors under anaerobiasis were down-regulated 
in S. Enteritidis by these molecules (Kollanoor Johny et al., unpublished data). 
Conclusions and future directions 
Our applied and mechanistic studies indicate that caprylic acid, trans-cinnamaldehyde and 
eugenol could be potential candidates as in-feed antimicrobials against S. Enteritidis 
colonization in poultry. These molecules significantly reduced cecal colonization of the pathogen 
in young and market age birds. In addition to the direct antimicrobial action, these molecules 
were able to reduce virulence properties in S. Enteritidis, including motility, invasion, systemic 
survival, expression of outer-membrane proteins, and utilization of alternate energy sources for 
survival and growth in anaerobic conditions. The inhibition of multiple virulence pathways in 
Salmonella without adversely affecting the birds could be seen as unique about these molecules 
that may qualify them for inclusion in commercial poultry diets. Long-term stability studies in 
feed and economic considerations for inclusion in poultry feeds need to be explored further. 
Currently, investigations determining the potential of these molecules on reducing egg-borne 
transmission of S. Enteritidis in layer chickens are in its final stages. 
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